Abstract: Different shrinkage types may cause serious durability dilemma on restrained concrete parts due to crack formation and propagation. Several classes of fibres are used by concrete industry in order to reduce crack size and crack number. In previous studies, most of these fibre types were found to be effective in reducing the number and sizes of the cracks, but not in shrinkage strain reduction. This study deals with the influence of a newly introduced type of polyethylene fibre on drying shrinkage reduction. The novel fibre is a polyethylene microfibre in a new geometry, which is proved to reduce the amount of total shrinkage in mortars. This special hydrophobic polyethylene microfibre also reduces moisture loss of mortar samples. The experimental results on short and long-term drying shrinkage as well as on several other properties are reported. The hydrophobic polyethylene microfibre showed promising improvement in shrinkage reduction even at very low concentrations (0.1% of cement weight). 
Introduction
Drying shrinkage is the major contributor to total shrinkage of normal strength concrete [1] . Once mortar and concrete are exposed to dry environment, they begin to lose water and shrink [2] . The loss of free water from large cavities present in paste microstructure may not result in tangible shrinkage; however, the loss of adsorbed water and water held in small capillary pores result in a reduction in disjoining pressure, which is considered to be the principal cause of drying shrinkage [3, 4] .
Formation of cracks in cement-based materials can be due to tensile stresses originating from applied loads or * E-mail: phamedan@eng.uts.edu.au different forms of shrinkage when the specimen is restrained. Once the cement-based material cracks, chemicals can enter and diffuse through the cementing matrix. In order to prevent cracking of concrete, fibres may be incorporated into the mix to provide reinforcement [2] .
Fibres in shrinkage reduction
Fibres are expected to be discontinuous, and randomly distributed throughout the cement paste, and in consequence, act as reinforcement in cement-based materials [5] . Fibres are not currently used for free shrinkage reduction, but they are significantly used for their immediate effect in shrinkage cracking resistance [6, 7] and their consequence in reducing crack width and number [8] . However, the addition of fibres is claimed not to significantly delay the cracking time [8] .
To date, several types of fibres have been introduced to the construction industry. Bentur and Mindess [5] and Balaguru and Shah [9] have listed them as natural, steel, glass and other synthetic fibres which include polypropylene, polyethylene, acrylic, polyester, nylon, carbon, aramid and polyvinyl alcohol. Regarding natural fibres in shrinkage studies, vegetable fibres such as 25 mm sisal fibres have been used in shrinkage measurement tests and resulted in reduced free plastic shrinkage and delayed initial cracking [10] . Coconut fibres are found to delay the initial cracking for restrained plastic shrinkage and effectively control crack development at the early age of composites. Cellulose fibres and flax fibres could result in 80-95% decrease in crack area relative to that on plain cement-based material [11, 12] . Various synthetic fibres have been studied in shrinkage and cracking of fibre-reinforced cement-based composites. Short polypropylene fibre has been reported to be efficient in considerably preventing crack formation due to plastic shrinkage [13] ; however, it was not found to reduce the drying shrinkage of lightweight concrete [14] . Cast iron fibres are reported to have performed better than polypropylene fibres in reducing crack formation, although the use of both types contributes to delaying the overall development of cracks [15] . Addition of carbon fibre by 0.5% of cement weight resulted in 84% decrease in 14 days drying shrinkage of a air storage silica fumed modified concrete [16, 17] . There are also some studies on the use of hybrid systems of fibres, and promising results were obtained in significant crack size and area reduction [18] [19] [20] [21] . This research deals with polyethylene microfibre. The main advantages of polyethylene fibre are their alkali resistance and low market price, while poor bond to the matrix is mentioned as its disadvantage [5] . Polyethylene is categorized as low modulus synthetic fibre and, therefore, it is expected to have low ultimate strength, high strain capacity and large crack width properties [5] ; however, it can be produced with a relatively higher density. Soroushian et al. [20] illustrated that both polyethylene pulp and fibre tended to increase the impact resistance, flexural strength and toughness of cementitious materials. They also experienced positive effects on the compressive strength of cement-based matrices. Ultimate tensile strain capacity of mixes with polyethylene fibre is found to increase with increase in fibre concentration [19] . Polyethylene fibre reinforced composites are also well-known in dental studies for the replacement of a missing tooth [22] [23] [24] . Balaguru and Shah have reported significant reduction in shrinkage crack area [9] . Two different geometry of polyethylene fibres have been used in cement-based specimens -1-short and dispersed, up to 4% by volume, 2-continuous network of fibrillated fibres and about 10% by volume of concrete sample [5] .
However, in this research project, polyethylene fibre is used in a new geometry that can be defined as microfibre [25] . In this study a new geometry of synthetic polyethylene pulp is examined to study its effects on drying shrinkage characteristics as well as physical and mechanical properties of fibre-reinforced mixes. This synthetic pulp is hydrophobic fibrillated polyethylene of 0.1 mm length, 0.005 mm diameter, 12 m 2 /g of surface area and 0.96 of specific gravity. This specially cut, short fibre is available in the market for different industrial applications. Microfibres due to their size are believed to bridge the microcracks which consequently delay the process of macrocracks formation [26, 27] . On the other hand, decreasing the fibre distance is proved to increase the resistance to the first crack [28, 29] . These two phenomena suggest that using microfibres provides remarkable reinforcement for fibre reinforced cementitious composites. Using microfibre as an additive, laboratory experiments were undertaken utilising different dosages of that to evaluate its efficiency as an anti-shrinkage additive and its effects on the physical and mechanical properties of mortar specimens. Since mortar samples are more vulnerable to long-term shrinkage than concrete samples with the same size and shape [30] , which can be due to the absence of coarse aggregate, they have been used in this research project.
Experiments
Australian Standards were used in the experiments. The size of the prismatic test specimens for drying shrinkage were 40 × 40 × 145 mm 3 and that for compressive strength were 40 × 40 × 160 mm 3 [31, 32] . For the first 20-24 hours after mixing, all specimens were stored in a moist environment where the relative humidity was more than 95% [33] . After demoulding, all shrinkage specimens were maintained inside the humidity-controlled cabinet, while compressive strength specimens were stored in lime water for 7 or 28 days compressive strength.
Raw materials, mortar mix proportions
Cement mortars were prepared using Goliath General Purpose Cement supplied by Cement Australia and Raymond Terrace single washed sand supplied by Rocla Quarry Products Pty Ltd. Glenium, a high-range water reducing admixture supplied by BASF, was used as superplasticiser for modification of the mix design proposed in AS 2350.12 [33] in order to maintain constant workability of the mortars. For comparison purposes, all mixes consist of same concentration of superplasticiser except two of them Table 2 were derived and modified from standardized proportions listed under AS 2350.12 [33] . Preparation of mortar mixes was carried out in accordance with the same code.
The polyethylene microfibre was first introduced to sand part of mix. Since the microfibre is a hydrophobic material, its dispersion in the mix is difficult [5] . For the aim of having consistent mixes, the whole bag containing sand and microfibre was thoroughly vibrated for about 30 seconds. All cement mortar mixes are simply named based on their concentration of microfibre. In Table 2 , the term "Co" stands for the control mix without microfibre. Terms such as Fi0.01 to Fi0.7 stand for mixes with polyethylene microfibres concentration of 0.01% to 0.7% to cement weight, respectively. In addition, Fi1.0+SP2 and Fi2.0+SP2 stand for mixes with 1.0 and 2.0% of polyethylene microfibre and with 2 mL of superplasticiser, while other mixes contain only 1 mL of superplasticiser.
Shrinkage measurement and physical properties
Immediately after demoulding, all specimens were measured for initial length to the nearest 0.001 mm, using length comparator and stored in humidity controlled cabinet at a temperature of 23 ±1C and a relative humidity of not less than 50%. Subsequent measurements were after 7, 14, 21, 28 and 364 days of casting [31] . The drying shrinkage was calculated by ∆L/L [4, 31] , where ∆L is the difference between the initial length measurement taken immediately after demoulding, and the length reading at the particular age, and L is the original length of the sample at initial stage and defined in AS2350.13 [31] . Mixing and casting of samples with 1.0% or more concentration of microfibre was difficult, since the produced mix was not workable enough for mixing and casting. They could be made workable by adding more superplasticiser. Therefore, for comparing purposes, the effect of higher amount of superplasticiser on shrinkage behaviour of mixes should be considered. Physical properties of mixes including the fresh density, flow, short and long-term mass change of specimens during 28-day ambient storage, 7-day and 28-day compressive strength are also studied.
Results

Fresh properties
The first observation was the comparison between fresh density of Co mix and Fi0.5 and Fi0.7 mix. In these tests [34] , Fi0.5 and Fi0.7 showed higher density than that of the control mix by about 2.5% in several trials. Fig. 1 shows the rheology studies of mortars based on measurements carried out in accordance with ASTM standards [35] . Although the flow percentages of all samples are in the range of 50 ±15%, a substantial reduction in workability in the range of 7% to 42% was observed with increasing addition of polyethylene microfibres to the mortar mixes. This possibly can be explained by the addition of more low specific gravity microfibres to the mortar, which increases the proportion of dry raw materials used in the mix and, therefore, it can decrease the flow. It can also be the case particularly since the microfibre used is a hydrophobic type. Apparently, low concentrations of microfibre do not affect the flow significantly.
Hardened properties
Drying shrinkage
The results of short-term drying shrinkage after 28 days humidity-controlled storage of specimens are shown in Fig. 2 and 3 . Drying shrinkage was found to decrease with addition of microfibre. A reduction in shrinkage of 18% was observed after 28 days for the Fi0.1 mix. In addition, 36% shrinkage reduction can be seen from the results of Fi1.0+SP2; however, the effect of double amount of superplasticiser on drying shrinkage of this specific mix can not be neglected. Considering the improvements observed in reducing shrinkage, lower concentrations of microfibre additions were thus studied; nevertheless, no further improvements in drying shrinkage reduction were observed (Fig. 3) . Therefore, it is likely that the 0.1% addition of polyethylene microfibre acts as an optimum addition amount for shrinkage reduction, however, its proper engagement inside the cement paste is crucial. Fig. 3 also suggests that due to very low concentrations of microfibre, fibre particles were not thoroughly dispersed inside the paste and that resulted in irregular results for low microfibre concentrations. Fig. 4 depicts comprehensive long-term drying shrinkage of mixes with and without microfibres addition. As expected, the drying strain achieved for all mixes after 28 days of age is lower than that before 28 days of mixing. Fig. 4 also suggests that 0.1% concentration is the optimum amount in a long-term study. 
Moisture loss
The mass of each sample was also measured during each subsequent length measurement. Results of mass change percentage are shown in Fig. 6 . As was expected, mass of all mixes was subject to decrease due to moisture loss in a dry environment. From this figure, the mass reduction percentage was found to be lower for all additions of microfibres than that of the control mix. The Fi0.1 mix demonstrated the lowest % water loss. These results support the mechanism of water repellence of microfibres within the mix, which is the consequence of polyethylene hydrophobicity.
Compressive strength
Specimens with microfibres were observed to have lower compressive strength when compared to the control mix. Fig. 7 portrays the 7 and 28-day compressive strength results for some mortar specimens. Reduction in compressive strength was an expected phenomenon [36] , and it can possibly be justified by the hydrophobicity of microfibres, which can result in less hydration rate for cement particles around microfibres which suggest investigation of the effect of hydrophilic polyethylene microfibres on the compressive strength and drying shrinkage of mortars. An exception in trend is visible for Fi0.3, and it seems to be an optimum addition of microfibre in terms of compressive strength.
Discussion and conclusions
Addition of a low concentration of polyethylene microfibre has demonstrated reduction in drying shrinkage of mortar specimens. However, different results were obtained as a function of different concentration of microfibres. In addition, a direct relationship between shrinkage reduction and specimen moisture loss indicating, the lower the moisture loss, the less the drying shrinkage, was observed for each mix.
The measurements of wet densities performed indicated that the addition of microfibres to mortar increases the fresh density compared to that of control mortar. Polyethylene microfibres resulted in a reduction of 28-day compressive strength. This phenomenon might be due to the effect of hydrophobicity of polyethylene fibres which may have reduced the hydration rate of cement particles in areas around microfibres. The same results were reported by Zheng [36] and a variety of results were reported by Soroushian et al. [20] .
The mechanism proposed for shrinkage reduction using microfibres can possibly be the interruption of moisture transfer from the capillary structures in the mortar due to the presence of hydrophobic fibres in the cement paste, which results in decreasing water transfer from inner layers and pores of matrix to the surface and consequently decreasing moisture loss of sample. Fig. 5 supports this mechanism, since the changes in mass of mixes with microfibres were less than of that in control samples.
A new shrinkage reduction method was introduced and assessed in this project. An optimum amount of 0.1% of polyethylene microfibres was found to significantly reduce the quantitative amount of drying shrinkage.
Further work to study on the reason behind compressive strength reduction and to find its compensation methods and to investigate the effect of hydrophilic polyethylene microfibres on the physical properties and shrinkage resistant of mortar is in progress. The results of the findings including microstructural studies will be reported in the future publications.
